Data is from the RAND Health and Retirement Study (HRS). The data is publicly available on the Health and Retirement Study website <http://hrsonline.isr.umich.edu>.

Introduction {#sec001}
============

Obesity is a leading cause of cardiovascular disease (CVD) \[[@pone.0206092.ref001]\]. Numerous mechanisms have been hypothesized to mediate the relationship between obesity and CVD, and inflammatory markers are now considered important pathogenic mechanisms in the initiation and progression of CVD \[[@pone.0206092.ref002]\]. Specifically, C-reactive protein (CRP) has emerged not only as a powerful predictor of CVD but also as a possible mechanism in the relationship between obesity and CVD \[[@pone.0206092.ref003], [@pone.0206092.ref004]\]. In addition to obesity, loneliness---the distressing feeling that accompanies the perception that one's social needs are not being met by the quantity or quality of one's social relationships \[[@pone.0206092.ref005]--[@pone.0206092.ref007]\] is a key risk factor for CVD mortality \[[@pone.0206092.ref008]\], comparable to smoking and other well-established risk factors for mortality \[[@pone.0206092.ref009]\]. And like obesity, loneliness (and similar social constructs including social isolation) is associated with elevated CRP \[[@pone.0206092.ref008]\].

While obesity and loneliness have been studied as separate risk factors for CRP, it is uncertain whether they operate as independent risk factors for clinically elevated CRP. Thus, the purpose of this research is to examine the independent and combined effects of loneliness and obesity on elevated CRP in older adults. We also test for interactive effects, which would indicate that the association between obesity and high sensitivity CRP **(**hsCRP) is modified among individuals who report being lonely (and vice versa). The potential additive effects of obesity and loneliness on risk of hsCRP is important as obese individuals may be especially at risk of social adversity and loneliness, predisposing them to the health consequences associated with these experiences \[[@pone.0206092.ref010]\].

Methods {#sec002}
=======

Data come from the RAND Health and Retirement Study (HRS) dataset and specifically from participants who completed the face-to-face interviews in the 2008 and 2010 waves of the HRS. The RAND HRS dataset is a cleaned and processed version of the raw HRS data funded by the National Institute on Aging (NIA) and the Social Security Administration \[[@pone.0206092.ref011]\]. The HRS is an NIA sponsored biennial longitudinal health interview survey conducted by the University of Michigan representative of non-institutionalized adults over the age of 50 age that collects information on their economic, health, marital, and family status \[[@pone.0206092.ref012]\] grant number NIA U01AG009740). Data included in the present analysis come from respondents who completed the enhanced face-to-face interview, which include objective measurement of height and weight and hsCRP. Only half of the 2008 and 2010 samples received the enhanced face-to-face interview. Thus, the sample of 10,912 participants (6,428 females and 4,484 males) was obtained by combining data from the 2008 and 2010 waves. Because gender differences have been reported in studies of social factors and CRP (e.g. \[[@pone.0206092.ref013]\] we stratified analyses by gender. Additionally, results from a likelihood ratio test indicated that a model predicting the odds of hsCRP \>3.0 as a function of sex, loneliness, and weight classification, and allowing for interactions between sex and weight classification and sex and loneliness, had a significantly better fit than the model without interactions (X^2\ =^ 43.11, d.f. = 3, p \< .0001).

Measures {#sec003}
========

Our primary outcome of interest is high sensitivity CRP (hsCRP), assayed from a dried blood spot using a sandwich ELISA protocol. A detailed description of the hsCRP assay used and detection limits is available online \[[@pone.0206092.ref014]\]. For the primary analyses, hsCRP was dichotomized into values \< 3.0 ug/L and ≥ 3.0 ug/L, in line with the relative risk categories defined in the combined American Heart Association/Centers for Disease Control scientific statement, with hsCRP values greater than 3.0 indicating a greater elevated risk \[[@pone.0206092.ref015]\]. As a sensitivity test, we also tested whether a continuous measure of hsCRP was associated with BMI category and loneliness. For these analyses, hsCRP values were log transformed to reduce skewness (from 10.4 to 0.08).

Our two predictors of interest are loneliness and body mass index (BMI). Loneliness was measured using an 11-item scale designed for large surveys such as the HRS and based on a 3-item scale developed by \[[@pone.0206092.ref016]\]. Each item had three categories (e.g., How much of the time do you feel you lack companionship; 1 = often, 2 = some of the time, 3 = hardly ever or never), and responses to all items were averaged and reverse coded as needed such that higher scores indicated greater loneliness. Body mass index was calculated from technician measured height and weight and categorized as underweight (\<18.5) normal weight (18.5--24.9), overweight (25.0--29.9) and obese (≥30.0). Underweight individuals were not included in the analysis (n = 143). An additional eight participants were removed from analysis due to physiologically implausible values for height (\<10 inches) and one participant for weight (21lbs.).

Covariates included in analyses that may confound the relationship between obesity/loneliness and hsCRP were age (measured in years), marital status (married or partnered vs. not), race/ethnicity (non-Hispanic black, non-Hispanic white, Hispanic, and other) education (years), smoking status (current smoker vs. not), and presence of disease associated with inflammatory markers (diabetes, chronic lung disease, heart disease, and arthritis). Regarding age, preliminary results indicated that an age-squared term was not significant in models for either men or women and is not included in the final reported models.

Analytic models {#sec004}
---------------

First, nationally representative descriptive statistics are computed using HRS-calculated survey weights appropriate for analyses using laboratory data from individual participants. Second, we conduct a series of logistic regression models stratified by sex to test whether loneliness and obesity are both significantly associated with clinically elevated hsCRP after adjusting for demographics and other risk factors. Model 1 estimates the likelihood of clinically elevated hsCRP with only BMI category (reference group: normal BMI) in the model; model 2 estimates the likelihood with only loneliness category (reference group: rarely lonely); model 3 includes both loneliness and BMI category; and model 4 is adjusted by demographics and health status including smoking status. To test for an interaction between loneliness and obesity, we include their interactive term in model 4.

Results {#sec005}
=======

[Table 1](#pone.0206092.t001){ref-type="table"} presents weighted descriptive statistics for the sample with complete data on hsCRP. Mean hsCRP levels among men and women were 2.60 ug/L and 3.0 ug/L, respectively. A large proportion of men and women participants were obese (41.6% and 42.6%, respectively).

10.1371/journal.pone.0206092.t001

###### Descriptive statistics (weighted) of the analytic sample (years 2008--2010).

![](pone.0206092.t001){#pone.0206092.t001g}

                                        Men     Women           
  ------------------------------------- ------- ------- ------- -----
  Unweighted N, no.                     4,484           6,428   
  C-reactive protein, ug/L (CRP)                0               0
      Mean CRP                          2.6     \-      3.0     \-
      \<2.0                             68.6    \-      59.4    \-
      2.0--2.99                         11.8    \-      13.2    \-
      ≥ 3.0                             19.5    \-      27.4    \-
  Mean loneliness (1--3)                1.5     \-      1.5     \-
  Loneliness                                    570             770
      1.0 (Hardly ever lonely)          12.8    \-      16.3    \-
      1.0--1.99 (Sometimes lonely)      68.1    \-      67.0    \-
      ≥ 2.0 (Often lonely)              19.1    \-      16.8    \-
  Body mass index                               0               0
      Mean BMI (underweight excluded)   29.7            29.7    
      18.5-0-24.9 (normal)              16.8    \-      26.0    \-
      25.0--29.9(over)                  41.6    \-      31.3    \-
      ≥ 30.0 (obese)                    41.6    \-      42.6    \-
  Age, years                            66.7    0       67.6    0
  Race                                          2               1
      Non-Hispanic white                82.7    \-      80.3    \-
      Non-Hispanic black                7.8     \-      9.4     \-
      Hispanic                          6.9     \-      7.7     \-
      Other                             2.7     \-      2.5     \-
  Education, years.                     13.3    8       12.8    10
  Married/Partner                       78.0    0       56.7    1
  Current Smoker                        14.2    29      12.4    22
  Disease                                                       
      Diabetes                          21.1    3       18.7    7
      Chronic lung disease              8.7     7       10.7    7
      Heart disease                     27.0    3       20.0    12
      Arthritis                         51.4    6       65.6    4

Approximately 19.1% of men and 16.8% of women had a mean loneliness score ≥ 2.0, indicating a loneliness score roughly equivalent to "often" being lonely. Among women who were obese, approximately 18% reported often being lonely, compared to 16% of women categorized as normal weight.

[Table 2](#pone.0206092.t002){ref-type="table"} presents results from a logistic regression model predicting the likelihood of hsCRP greater than 3.0 ug/L. [Fig 1](#pone.0206092.g001){ref-type="fig"} (all participants), [Fig 2](#pone.0206092.g002){ref-type="fig"} (Men only) and [Fig 3](#pone.0206092.g003){ref-type="fig"} (Women only) presents the associations between loneliness, obesity, and hsCRP. In the fully adjusted model for men (Model 4), obesity (OR = 2.36, p \< .0001) was associated with increased odds of elevated hsCRP; however, loneliness was not associated with increased odds of elevated hsCRP (OR = 1.34, p = .0536). Among females, being overweight (OR = 1.75, p \< .0001) and obese (OR = 4.01, p \< .0001) were associated with increased odds of elevated hsCRP. Among women, loneliness was not associated with elevated hsCRP (OR = 0.97, p = 0.6776), and there was no evidence of an interaction between obesity and loneliness. However, the association between obesity and clinically elevated hsCRP was stronger among men who reported higher loneliness than among men who reported being less frequently lonely (b = 0.70, p = 0.0477).

![Odds ratio of hsCRP compared to normal weight and rarely lonely group--Men and women combined.\
Estimation was adjusted by Age, Female, Black, Education, Marital Status, Smoking status, and Disease (Diabetes, Chronic lung disease, Heart disease, Arthritis).](pone.0206092.g001){#pone.0206092.g001}

![Odds ratio of hsCRP compared to normal weight and rarely lonely group--men only.\
Estimation was adjusted by Age, Black, Education, Marital Status, Smoking status, and Disease (Diabetes, Chronic lung disease, Heart disease, Arthritis).](pone.0206092.g002){#pone.0206092.g002}

![Odds ratio of hsCRP compared to normal weight and rarely lonely group--women only.\
Estimation was adjusted by Age, Black, Education, Marital Status, Smoking status, and Disease (Diabetes, Chronic lung disease, Heart disease, Arthritis).](pone.0206092.g003){#pone.0206092.g003}
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###### Adjusted odds ratios (95% confidence intervals) for clinically raised C-reactive protein (CRP) concentrations (years 2008--2010).

![](pone.0206092.t002){#pone.0206092.t002g}

  ---------------------------------------------------------- ------------------ ---------- ------------------ -------- ------------------ ---------- ------------------------------------------------ ----------
  ALL                                                        Model 1            p          Model 2            p        Model 3            p          Model 4[\*\*](#t002fn002){ref-type="table-fn"}   p
      Body mass index[\*](#t002fn001){ref-type="table-fn"}                                                                                                                                            
          Overweight                                         1.46(1.22--1.74)   \< .0001   \-                          1.45(1.22--1.74)   \< .0001   1.62(1.35--1.93)                                 \< .0001
          Obese                                              3.22(2.68--3.89)   \< .0001   \-                          3.21(2.67--3.87)   \< .0001   3.41(2.79--4.16)                                 \< .0001
      Loneliness[\*](#t002fn001){ref-type="table-fn"}                                                                                                                                                 
          Sometimes                                          \-                            1.24(1.05--1.46)   0.0144   1.22(1.03--1.45)   0.0238     1.17(0.98--1.41)                                 0.0871
          Often                                              \-                            1.44(1.16--1.79)   0.0014   1.38(1.11--1.73)   0.0049     1.14(0.97--1.56)                                 0.0906
  Men                                                        Model 1            p          Model 2            p        Model 3            p          Model 4[\*\*](#t002fn002){ref-type="table-fn"}   p
      Body mass index[\*](#t002fn001){ref-type="table-fn"}                                                                                                                                            
          Overweight                                         1.10(0.83--1.45)   0.4935     \-                          1.10(0.83--1.46)   0.5091     1.26(0.96--1.66)                                 0.0999
          Obese                                              1.99(1.45--2.73)   \< .0001   \-                          1.97(1.43--2.72)   \< .0001   2.37(1.73--3.25)                                 \< .0001
      Loneliness[\*](#t002fn001){ref-type="table-fn"}                                                                                                                                                 
          Sometimes                                          \-                            1.36(1.02--1.81)   0.0414   1.35(1.01--1.81)   0.0493     1.23(0.91--1.65)                                 0.1705
          Often                                              \-                            1.72(1.17--2.53)   0.0063   1.68(1.14--2.48)   0.0097     1.44(0.96--2.14)                                 0.0747
  Women                                                      Model 1            p          Model 2            p        Model 3                       Model 4[\*\*](#t002fn002){ref-type="table-fn"}   p
      Body mass index[\*](#t002fn001){ref-type="table-fn"}                                                                                                                                            
          Overweight                                         1.82(1.45--2.29)   \< .0001   \-                          1.82(1.45--2.30)   \< .0001   1.76(1.40--2.22)                                 \< .0001
          Obese                                              4.48(3.71--5.40)   \< .0001   \-                          4.46(3.70--5.38)   \< .0001   4.03(3.25--4.99)                                 \< .0001
      Loneliness[\*](#t002fn001){ref-type="table-fn"}                                                                                                                                                 
          Sometimes                                          \-                            1.24(1.01--1.52)   0.0448   1.22(0.99--1.51)   0.0647     1.16(0.93--1.44)                                 0.1897
          Often                                              \-                            1.38(1.11--1.72)   0.0053   1.32(1.05--1.66)   0.0180     1.11(0.87--1.42)                                 0.3840
  ---------------------------------------------------------- ------------------ ---------- ------------------ -------- ------------------ ---------- ------------------------------------------------ ----------

\*Reference group for BMI is normal weight. Reference group for Loneliness is 'Rarely lonely'.

\*\*Model 4 is adjusted by Age, Female, Black, Education, Marital Status, Smoking status, and Disease (Diabetes, Chronic lung disease, Heart disease, Arthritis). For the combined model (men + women), statistically significant adjustors were: female (p \< 0.001), white (p \<0.001), education (p = 0.017), smoking status (p \<0.001), diabetes (p = 0.004), lung (p\<0.001), and heart diseases (p = 0.048). In the male only model, age (p\<0.001), white (p = 0.007), smoking status (p\<0.001), and lung disease (p = 0.004) were statistically significant adjustors. For the female only model, white (p\<0.001), smoking status (p\<0.019), diabetes (p = 0.003), and lung diseases (p\<0.001) were statistically significant adjustors.

In the sensitivity analysis predicting log-transformed hsCRP (full results not shown), loneliness was significantly associated with increased hsCRP among men (b = 0.16, p = .0168). Among men, being overweight (b = 0.34, p \< .0001) or obese (b = 0.76, p \< .0001) were also associated with increased hsCRP. Because hsCRP is log-transformed, regression coefficients can be interpreted as the estimated percent change in log hsCRP per one-unit change in the independent variable. Thus, an individual with normal BMI and who report being "sometimes lonely" has a 16% increase in hsCRP relative to the same individual who report being "rarely lonely". An individual classified as overweight and who is "sometimes lonely" is estimated to have hsCRP levels 50% higher than an individual classified as normal weight and who report being rarely lonely.

Discussion {#sec006}
==========

To our knowledge, this is the first study to consider obesity and loneliness as additive risk factors for elevated C-reactive protein. Obesity and loneliness have both been identified as predictors of elevated CRP, which in turn, is a risk factor for CVD and coronary heart disease. Our findings are consistent with previous research showing a relationship between weight classification and hsCRP \[[@pone.0206092.ref017]\]. For both men and women, being obese was associated with clinically elevated hsCRP. Given evidence that individuals who are obese may be at increased risk of loneliness, we sought to test whether obesity and loneliness operated to additively increase the risk of clinically elevated hsCRP \[[@pone.0206092.ref018]\]. Overall, we found little evidence that it was the case, as loneliness did not confer additional risks of elevated hsCRP. These findings are in contrast with studies on social isolation (i.e., objective and quantifiable reflection of reduced social network size and paucity of social contact \[[@pone.0206092.ref019]\]) indicating that having few close relationships or social ties is an independent risk factor of both high levels of CRP and coronary heart disease death (e.g., \[[@pone.0206092.ref008], [@pone.0206092.ref019]\]). Researchers have long debated whether the health effects of social isolation result from the objective lack of social contacts or from the subjective experience of being lonely \[[@pone.0206092.ref009], [@pone.0206092.ref019]--[@pone.0206092.ref024]\]. Our analyses suggest that the relationship between obesity and hsCRP is not explained by subjective loneliness as a pathway through which obesity may lead to clinically elevated hsCRP, although we noted that when hsCRP was treated as a continuous variable in sensitivity analyses, loneliness was significantly associated with hsCRP in men.

Given the cross-sectional nature of the data, we cannot make definitive conclusions regarding the directionality of the associations; the finding that obese men who reported feeling lonely more frequently had elevated hsCRP levels could be explained by reverse causality, whereby men who are more lonely are more likely to gain weight \[[@pone.0206092.ref025]\] or men with lower hsCRP levels feel less lonely (see \[[@pone.0206092.ref026]\] for a similar example of reverse causality).

It is also important to acknowledge that levels of the inflammatory marker CRP assessed from a single venipuncture do not fully capture the dynamic processes involved in inflammation, or make it possible to distinguish acute from chronic inflammation. This is important because the adverse effects of loneliness operate slowly over time through multiple mechanistic pathways in both the development and progression of disease.

Prospective studies are needed to fully delineate whether and how social relationships contribute to mechanisms linking inflammatory markers to cardiovascular health, morbidity and mortality. Studying direct and indirect pathways between a wide and specific spectrum of social factors, health and all-cause mortality using a life course approach is essential because social relations have been shown to influence multiple mechanistic pathways in both the development and progression of disease \[[@pone.0206092.ref027], [@pone.0206092.ref028]\]. These questions are important to identify the most effective strategies to buffer the effects of adversity and risk factors on health. To the extent that these strategies are successful in influencing biomarkers, this work would provide evidence that social processes are acting on health risks in a causal fashion.
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